Growth of Stapylococcus aureus in various ionic surface-active agents resulted in loss of the ability to produce penicillinase, whereas growth in nonionic surface-active agents had no effect on penicillinase production. The curing effect of various alkyl sulfates was found to be dependent upon the chain length. Curing by surface-active agents could be inhibited by magnesium. Reciprocal transduction experiments showed that curing by a surface-active agent was a property of the plasmid, not of the bacterial strain in which the plasmic resides.
Plasmid-borne genes may be eliminated from Staphylococcus aureus after exposure of the organism to various chemical and physical agents. The penicillinase plasmid was lost at rates varying from 0.1 to 100% following growth at 43 to 44 C (8) or after growth in the presence of acridine dyes (5), ethidium bromide (2), rifampin (6) , or ethyl violet (S. Schaefler, Bacteriol. Proc., p. 61, 1970). We recently reported 96.1 to 100% loss of the penicillinase plasmid from two strains of S. aureus after growth in the presence of sodium dodecyl sulfate (SDS) (14) . This present paper describes further studies of the mechanism of SDS-mediated curing and also reports the effect of several other surface-active agents upon the penicillinase plasmid.
MATERIALS AND METHODS
Strains and media. The strains employed in this investigation were S. aureus 196E and S. aureus PCI which were described previously (14) , and S. aureus U9 (4) . Cultures were maintained on yeast extractTrypticase soy (YETS) plates which contained Trypticase soy broth (TSB; Baltimore Biological Laboratory), 0.3% yeast extract (Difco), and 1.5% agar-agar (Difco). The symbols (PlI6E), (Ppcl), and (Pu9) refer to penicillinase plasmids from the respective donor strains 196E, PCl, and U9, as based on the nomenclature of Peyru, Wexler, and Novick (10) .
Curing of the plasmid state. Small inocula (105 cells per ml) of penicillinase-positive (P+) strains were incubated with constant shaking at 37 C for 18 hr in YETS broth containing the desired surface-active agent. Colonies arising from cells which had lost the penicillinase plasmid were detected by the method of Baldwin et al. (1) . at a concentration of 400 gg/ml. The final cell concentration was about 10's to 2 x 1010 colony-forming units/ml. Five-tenths of a milliliter of this suspension was mixed in a centrifuge tube with 0.5 ml of appropriately diluted phage to give a multiplicity of infection of about 1.0. Control samples contained 0.5 ml of TSB instead of phage lysate. The mixture was incubated at 37 C in a water bath for 15 min. One milliliter of cold 0.02 M sodium citrate was then added to block superinfection by free phage, and the mixture was centrifuged at 5,000 rev/min for 2 min.
The pellet was resuspended in 0.5 ml of cold 0.02 M citrate, and 0.1 ml of this suspension was streaked onto the surface of YETS agar containing 0.2 units of penicillin G per ml and 0.02 M sodium citrate.
RESULTS
Elimination of the penicillinase plasmid. The rate of loss of penicillin resistance was determined following growth of S. aureus 196E in the presence of various surface-active agents (Table 1) . When the compound being tested inhibited growth, loss of resistance was determined at a concentration slightly below the minimal inhibitory concentration (MIC). When the compound did not inhibit growth, the highest practical concentration obtainable was tested for curing. Curing occurred following growth in the ionic surface-active agents tested, whereas no loss of penicillin resistance occurred after growth in the nonionic agents. The one exception to this pattern was the cationic detergent CTAB.
S. aureus 196E was grown in various concentrations of alkyl sulfates of carbon chain length two to fourteen ( Table 2) . No inhibition of growth and no loss of penicillin resistance occurred with compounds of eight carbons and shorter. Growth in sodium decyl sulfate resulted in 100% loss of penicillin resistance, but the concentration necessary was 12 times higher than the concentration of sodium dodecyl sulfate that gave maximum curing. The most effective SDS concentration was in turn four times higher than the most effective concentration of sodium tetradecyl sulfate.
Inhibition of the curing effect of SDS by Mg2+. Various surface-active agents have been shown to cause the disaggregation of biological membranes (3, 4, 7, 12) . It has also been reported that the addition of Mg2+ to disaggregated membranes resulted in their reaggregation, even to the reacquisition of enzymatic activity (3, 7, 11, 12) . Cells of S. aureus 196E were inoculated into YETS containing 0.002% SDS with and without added magnesium. Table 3 shows that following incubation for 5 to SDS-mediated curing was a property of the plasmid, or of the cell in which the plasmid resided. The penicillinase plasmids from the SDS-curable strains S. aureus 196E and S. aureus PCI were introduced via transduction into a penicillinase-negative variant of S. aureus U9, and the penicillinase plasmid from S. aureus U9 was introduced into P-variants of 196E and PCI. Single colony isolates of all the transduced strains were incubated in YETS containing SDS and tested for loss of the penicillinase plasmid. Table 4 shows the results of these determinations. A high frequency of SDS-mediated curing occurred in all strains containing the plasmid from 196E or PCI. The strains containing the U9 plasmid were not susceptible to curing at a high frequency, even though the recipient strain was a P-isolate of the curable strain 196E or PCI. In addition, the concentration of SDS which resulted in growth inhibition was dependent upon the nature of the resident plasmid, not the strain in which it resides. The MIC of SDS was 0.003% for S. aureus 196E (P196E), PCI (PPCI), and U9 (Pl9E), whereas the MIC was 0.005% for S. aureus U9 (PU9), PCI (P u9), and 196E (P L,9). DISCUSSION Novick and Richmond (9) have proposed a membrane attachment site and a plasmidborne maintenance-compatibility locus which may govern the attachment and replication of the penicillinase plasmid in S. aureus. The recent report (14) of plasmid elimination, in S. aureus, following growth in SDS and the data presented here may lend further support to this proposal. If elimination of the penicilli- The action of a surface-active agent is dependent upon the aggregation of monomers of the compound into micelles. A solution containing such micelles has the ability to incorporate a foreign compound of lipid character into the lipid phase of the micelle without disturbing the homogeneity of the solution. This is the most likely action of the ionic surfaceactive agents on the staphylococcal cell membrane. The critical micelle concentration (CMC), which is the concentration at which aggregation into micelles begins to occur, and probably the concentration at which membrane disruption begins to occur, was reported to be 0.008 M or 0.23% (13) for SDS in distilled water at 25 C. The presence of salt results in a sharp decrease in the CMC, and may be the reason why the curing concentration of SDS was only 0.002% in YETS broth. The CMC for the alkyl sulfates decreases as the chain length of the compound increases (13) , and this is reflected in the substantial decrease in concentration necessary to effect curing as the length of the carbon chain increases from 10 to 12 to 14 ( Table 2) .
Further support in favor of a mechanism involving membrane disruption for surfactantmediated curing comes from the inhibition of curing by the addition of magnesium (Table 3 ).
There is considerable evidence which shows that treatment with surface-active agents results in the disaggregation of biological membranes and that reaggregation occurs after the addition of divalent cations (3, 7, 11, 12) . One can hypothesize that the presence of magnesium either prevents disaggregation due to SDS, or promotes reaggregation before any disruption of the plasmid-membrane attachment site occurs.
The reciprocal transduction experiments indicate that the ability to be cured by surface-active agents is a property of the plasmid, not of the cell in which it resides. In addition, the concentration of SDS which inhibits growth is determined in part by the plasmid. Whether these characteristics are related to the maintenance-compatibility locus of the plasmid, or are due to the functioning of another, as yet unrecognized, plasmid marker, is not known. Further studies must be done to map the determinant of surfactant susceptibility on the penicillinase plasmid in S. aureus.
